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Abstract 
Initial experimental results are described for a Spectroscopic Scanning Electron Microscope (SPSSEM).  This type of instrument 
can provide images with a resolution of a few nm, with simultaneous acquisition of the full energy spectrum of scattered 
electrons.  It contains a SEM column, magnetic prism beam separator, and mixed-field retarding objective lens.  The described 
experimental results confirm earlier simulation predictions that a circular beam separator used in a SPSSEM setup can form a 
final probe with a radius of a few nm or better over a 1 ȝm × 1 ȝm field-of-view, with a numerical aperture of 1 mrad and an 
energy spread of 104. These results represent initial experimental confirmation of the SPSSEM concept.  The next step will be to 
obtain experimental spectra from the scattered electrons.  © 2008 Elsevier B.V.
PACS:  87.64.Ee;  82.80.Pv 
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1. Introduction 
The Spectroscopic SEM (SPSSEM) was recently outlined [1] as an instrument that can provide SEM like 
imaging, with resolution down to a few nm, and at the same time acquire the full energy spectrum of scattered 
electrons. The concept includes an SEM column, a beam separator unit (magnetic sector deflector) that bends the 
primary beam by 90q, and a mixed field retarding objective lens. Electrons scattered from the specimen surface are 
accelerated back towards the beam separator, where they are deflected away from the SEM column and are therefore 
separated from the primary beam. The beam separator will disperse the scattered electrons according to energy, and 
can act as the first stage of an electron energy spectrometer. Additional spectrometer units can then be used to 
acquire selected parts of the spectrum in greater detail [2,3]. 
In most electron beam systems the optic axis is a straight line, but in the case of the magnetic sector deflector it is 
curved. The plane of the curved optic axis lies parallel to the magnetic sector plates and will hereon be referred to as 
“in-plane”. Naturally then, the direction perpendicular to the plane of the optic axis will be referred to as “out-of-
plane”. It is well known that beam separator aberrations in the in-plane and out-of-plane directions tend to be 
different. The focusing action of a beam separator is different in the two directions too, so the focus will generally 
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be astigmatic. It is possible to construct and operate a beam separator so that it provides stigmatic deflection, usually 
by splitting it into different sections and tuning the fringe fields between them, see for instance [4]. 
For stigmatic deflection of an electron beam, it has been predicted that a beam separator with circular symmetry 
is capable of giving better on-axis aberrations than a square geometry [5]. A schematic of the circular sector layout 
is shown in Fig. 1. By exciting the inner and outer magnetic sectors in opposite directions, and focusing the primary 
beam at the centre of the beam separator, a condition can be found where on-axis astigmatism is not a limiting factor 
for resolution, and thus no additional stigmator is required. Scanning in the SPSSEM is assumed to take place before 
the primary beam is deflected, so that the scanning unit will not interfere with the scattered electrons traveling back 
towards the separator. Simulations predict that for 90º deflection of a 6 keV electron beam with a semi-angle of 1 
mrad and energy spread of 10-4, demagnified 10 times by an objective lens, the beam separator aberration radius at 
the specimen will be dominated by off-axis aberrations, which will be 2 nm or less over a 1 ȝm by 1 ȝm field-of-
view [5]. This article presents imaging experimental results that support these simulation predictions. 
2. Experimental results 
An imaging experiment involving a circular beam separator unit and post-deflector lens was carried out inside a 
Philips XL30 SEM. A transmission type experiment was designed, where the primary beam travels through the 
specimen before striking a copper plate in order to create secondary electrons, which are subsequently detected by 
the conventional SE-detector of the SEM. The setup is shown schematically in Fig. 2. The primary beam is set to 
focus at the centre of the beam separator in order to minimize on-axis aberrations. This means that the beam comes 
out diverging after deflection (as shown in Fig. 1) and a post-deflector lens must be used to focus the primary beam 
onto the specimen. Scanning is done within the SEM column and so is consistent with simulation assumptions. 
The beam separator unit has outer dimensions 40 mm by 40 mm by 72 mm and is placed onto the SEM specimen 
stage. A photograph of the separator unit is shown in Fig. 3. Because of the small size of the setup, permanent 
magnets were used for the magnetic excitation of the post-deflector lens. A schematic of the post-deflector lens is 
shown in Fig. 4a and a photograph of it is depicted in Fig. 4b. The added disc magnets seen in the photograph were 
used to increase the magnetic excitation of the lens for larger beam energies. More information on the lens is given 
in [6]. The use of permanent magnets, however, means that the lens excitation is fixed and that the focus position 
cannot be adjusted. Focusing onto the specimen is achieved by a piezo-electric actuator that moves the specimen 
along the lens axis, and to some extent by adjusting the primary beam energy. It is estimated that the manufacturing 
error and misalignments in the setup are both about ±0.1 mm. 
Fig. 1. Schematic of the circular beam separator, showing the 
primary beam as it passes the inner and outer magnetic sectors. 
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Fig. 2. Schematic diagram of the beam separator setup.
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Fig. 3.  Photograph of the beam separator unit. In front of the sector plates, inside the casing, is a copper spacer. 
Fig. 4. Miniature permanent magnet post-deflector lens. (a) Cross-section of the lens. 
(b) Photograph of the lens attached to the magnetic sector deflector body. 
As discussed in [5], the deflected beam is only stigmatic in the image plane, which means that the aspect ratio of 
the scanned area will change. In addition, it was predicted in [5] that off-axis aberrations will be different for the in-
plane and out-of-plane directions. Using a square copper grid specimen, both these effects are visible in the 
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experimental image shown in Fig 5a. The square holes in between grid bars appear to be rectangular, stretched out 
in the u-direction. A normalized image can be obtained by compressing the image in this direction. Fig. 5b shows 
the result after compression in the horizontal direction (slightly different from the u-direction). It is also seen in Fig. 
5a that the image quality (a good measure of the aberrations) along the v-direction deteriorates closer to the image 
centre than in the perpendicular u-direction, in agreement with simulation predictions. 
       
Fig. 5. Transmission image of a copper grid captured after deflection, where bright areas correspond to high transmission. The grid periodicity is 
25 ȝm, the effective image magnification is 2500 times, and the primary beam energy is 3 keV. (a) The scanned aspect ratio has been changed by 
the deflection action and the square open areas appear rectangular. (b) After compressing the image in the horizontal direction.
The beam separator unit used to capture the images in Fig. 5 did not perform well and could only allow a primary 
beam energy of up to 3 keV. This was rectified with a second beam separator unit capable of handling more than 15 
keV, but in order to have sufficient freedom in changing the inner and outer sector excitation currents, the beam 
energy was kept to around 12 keV (tuning the beam energy helped in focusing). Due to magnetic remanence in the 
iron material, the magnetic excitation values varied from time to time, but were typically around 140-170 AT for the 
inner sector and 10-13 AT for the outer sector, and were applied in opposite directions. It is worth mentioning that 
the SEM stigmator unit was not used, but all stigmatic adjustments were done by varying the sector excitations. 
In order to do probe size measurements, a lacey carbon specimen was used. The specimen is a carbon film 
featuring thicker parts in a random mesh-like pattern, see the experimental image shown in Fig. 6. The width of 
these parts of the specimen are in the range, 100-300 nm. The carbon film is supported by a square 300 mesh per 
inch copper grid with a periodicity of 85 ȝm, which was used to recalibrate the image magnification. The post-
deflector lens does an additional image magnification found to be 6 times. The image in Fig. 6 was captured at a 
magnification of around 27 000 times, and a beam energy of 12.7 keV. 
The probe radius was estimated by taking line scans over copper grid edges at a higher magnification, typically 
around 100 000, with a field-of-view of about 1m by 1m. Inspection of the copper grid edges in normal mode 
SEM reveals that they are jagged and that they do not provide a sharp cut-off over which to measure the probe 
signal. This is evident in the line scan intensity graph of Fig. 7, which shows a quick smooth first rise, followed by a 
plateau, and then a second uneven, less steep part. It is reasonable to assume that the uneven parts in the graph are 
due to jagged edges on the specimen, rather than being intrinsic to the electron probe. Only smooth parts of the 
graph should indicate something about the spot size.  
50ȝm 50ȝm
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A model for the interaction between the electron beam and the edge structure was developed in order to 
understand how the transmission intensity graph is formed. The assumed edge was sectioned into 5 different 
segments, each with a different slope gradient, as shown in Fig. 8a. Each slope gradient is assumed to result in a 
certain transmission ratio, due to forward scattering of the incoming electrons. Distances are given in arbitrary units 
(a.u.). Starting from the left, segment 1 is assumed to extend infinitely to the left and has a transmission ratio of 0 
(surface normal to the beam, giving no forward scattering). Segments 2, 3 and 4 are assumed to extend over 50, 80 
and 80 a.u., and have transmission ratios 80%, 60%, and 80%, respectively. These particular values correspond to 
the experimental line scan profile shown in Fig. 7, and are only meant here to illustrate the general form of signals 
obtained across the specimen edge.  Segment 5 is assumed to extend infinitely to the right with a transmission ratio 
of 100% (no surface). Taking the probe to have a Gaussian intensity distribution and defining its radius to be half-
width at half-height, the transmission intensity graph can be simulated by sweeping it over the assumed edge 
structure. The resulting graphs for beam radii 35 a.u. and 47 a.u. are shown in Fig. 8b. Both graphs resemble what 
was encountered from experiments. The larger probe radius results in a shape similar to the experimentally obtained 
graph, with a plateau after the initial rise. In the case of the smaller probe radius, the plateau is replaced by a local 
maximum in the graph. 
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Fig. 6. Transmission image of a lacey carbon 
specimen supported by a copper grid, captured 
at an image magnification of around 27,000 and 
a primary beam energy of 12.7 keV. Bright 
areas correspond to thin parts of the specimen. 
Plateau 
Fig. 7. Line scan profile obtained from a high magni-
fication image of a copper grid edge. The increase in 
intensity represents the increased electron transmission 
as the primary beam sweeps over a copper grid edge. 
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Fig. 8. (a) The assumed edge profile, showing the different slope gradients in each of the segments 1 to 5. 
(b) Simulated line scan profile graphs for two different probe radii. Distances are given in arbitrary units (a.u.). 
Going back to Fig. 7, the first steep rise, reaching about 60% intensity, is taken as directly dependent on the final 
probe size. The distance over which this initial slope rises from 25% to 75% of its height is taken to be the probe 
radius [7], giving simulated probe radii of 34 a.u. and 47 a.u., respectively, very close to the assumed values. The 
simulated probe radii calculated in this way were found to be quite insensitive to the precise segment widths and 
transmission ratios used. Using 8 different experimentally obtained line scans resulted in an averaged probe radius 
of 7.1 ± 1.0 nm. 
The experimental conditions on the primary beam were similar to those assumed in simulations, an incoming 
semi-angle of about 1 mrad and a relative energy spread of around 10-4 through the beam separator. The simulation 
prediction of 2 nm probe radius over 1ȝm by 1ȝm field-of-view cannot be directly compared to the measured probe 
size. This is because in the experiments performed, there were factors other than the beam separator aberrations that 
contributed to the final probe size. These include on-axis aberrations of the post-deflector lens as well as its leakage 
fields. There is also a difference for the demagnification of the objective (post-deflector) lens: 10 times for the 
simulations, and 6 times for the experiments, but this does not make a difference as long as the field-of-view is the 
same at the specimen, in this case 1 ȝm by 1 ȝm. 
The post-deflector lens on-axis aberrations were simulated [6] and for the beam conditions used in the 
experiment, the on-axis aberration limited probe radius is predicted to be rlens = 2.0 nm (with a probe size 
demagnification of 6.1 times).  
Due to the open design of the post-deflector lens, leakage fields are created in the path of the primary beam. The 
lens setup was approximated by 2D simulation, and the resulting flux lines are shown in Fig. 9, indicating that 
leakage fields reach the primary beam in the space between the SEM objective lens and the beam separator. This 
interference on the primary beam limits the spot size of the probe that is projected into the centre of the beam 
separator, and this was investigated in a separate experiment. The setup remained the same, except that the magnetic 
sector plates were taken out from the beam separator, and the specimen was placed at the centre of the separator 
casing. Magnetic field measurements showed field values inside the casing to be negligible. Transmitted electrons 
were then collected to acquire the image. Taking linescans from the captured images, the estimated probe radius was 
51 ± 14 nm. This value is an experimental measure of the primary beam spot radius as projected into the centre of 
the beam separator, without deflection. In the case of deflection, it corresponds to the radius of an intermediate 
cross-over that is demagnified by the post-deflector lens. Taking into account the 6.1 times demagnification done by 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 100 200 300 400 500
Distance (a.u.)
In
te
n
s
ity
 
(a.
u
.
)
r=35 au 
r=47 au 
1 2 3 4 5
Primary 
beam
Scan
direction 
Solid 
edge 
(a) (b) 
534 M. Osterberg, A. Khursheed / Physics Procedia 1 (2008) 529–535
 M. Osterberg, A. Khursheed / Physics Procedia 00 (2008) 000–000 7
the post-deflector lens, it translates to a final probe size of 8.4 ± 2.3 nm. From this it can be deduced that the final 
probe size of 7.1 ± 1.0 nm in the deflection experiment, is mainly limited by the magnetic leakage field from the 
post-deflector lens and not by the beam separator aberrations. Experimental probe sizes before and after deflection 
typically lie within 2 nm of one another, implying that the beam separator aberrations are relatively small (< 2 nm), 
as predicted by simulation. 
Fig. 9. Simulated magnetic leakage fields from the post-deflector lens. 
The maximum field-of-view when operating at optimum resolution was less than 50 ȝm. To what extent this 
field-of-view was limited by the beam separator needs to be investigated, since strong off-axis magnetic fiels within 
the post-deflector lens also restrict the field of view. 
3. Conclusions 
Experimental results presented in this article confirm earlier simulation predictions that a circular beam separator 
used in a SPSSEM setup can form a final probe with a radius of a few nm or better over a 1 ȝm by 1 ȝm field-of-
view for an incoming beam semi-angle of around 1 mrad and energy spread of 104. These results represent initial 
experimental confirmation of the SPSSEM concept, the next step is to obtain experimental spectra from the 
scattered electrons. 
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